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-TECHNICAL NOTE NOa 822

TAi?DEiJAIR PROPELLERS - 11

3y E. P. Lesley

SUMMARY

Tests of three-blade, adjustable-pitch counterrotat-
ing tandem model @openers, adjusted to absorb equal power
at maximum efficiency of the combinatton$ were made at
Stanford University.

The aerodynamic characteristics, for blade-angle set-
o at OC’75R of thetings of 15°, 25°, 35°, 45°, 55°, and 65

forward propeller and for dianotor spacings of 8~, 15, and
$30 porcont were compared with those of throo-bla e and six-

blade propellers of tho same blade fern.

It was found that, in ordor to realizo the conditiou
of equal power at maximum officicncy, the blade angles for
tho rear propeller must be generally less than that for the
forward propeller, the difference increasing with blade
angle.

The tests showed that, at maximum efficiency, the tan-
“dem propellers absor% about doublo tho power of three-
blade propellers and about 8 porcont more power than six-
blade propellers having the pitch of the forward propeller
of the tandem combination.

~he maximun efficiency .of the tan.den propellers was
found to be from 2 to 1“5 porcont greater than for six-
blade propellers, tho tiif.ferenco varying directly with
blade angloa It was also found that the naximum efficien- t

cy of the tandem propellers- was greater than th:t of a three-
blade propeller for blade angles at 0.75R of “25 or more.
The difference in maximun efficiency again,varied direc%ly “
with %lade ang~e, being about 9 percent,for .65° at 0.75R0

t

INTRODU6TI-ON ,’4, ,,

Tests of two-blade opposi”’tq~tirotating tahd&” prop-&~”-
lers were carried on at Stanford University in 1918 (rofor-
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ence 1). The results were not promising. It was found
that the efficiency of the combination was less than that.
of a single two-blade propeller. Although no tests of
four-blade propellers were made at the time, it now ap-
pears that the tandem propellers showed little, if any-;
greater efficiency than would be expected for four-blade
propellers of similar form designed to absorb the same
power. It was also found that, in the region of maximum
efficiency, the torque of either propeller was reduced
when the other developed thrust. The maximum pitch-diam-
eter ratios employed in these tests was 0.9, which corre-
sponds to a blade angle of 210 at 75 percent of the tip
radius (0.75R).

At about the same time, Manchester ei.owed that tan-
dem propellers might develop considerably greater effi-
ciency than a single propeller, particularly for pitch-
diameter ratios as great as 2 or possibly 3 (reference 2).

A second experimental study of this subject was made
at Stanford in 1938 (reference 3). It was shown that,
compared with four-blade propellers absorbing about the
same power, the tandem propellers developed the higher
efficiency. The gain in efficiency was found to be more
pronounced for the Propellers of large blade angles, be-
ing about 0.005 for 150 at 0.75R and 0.015 for 450 at the
same station. It was also found that, for the largest
blade angle investigated, 450 at 0.75R, the tandem propel-
lers were slightly superior in efficiency to a single
two-blade propeller. In view of the promising results of
these tests, particularly for the higher blade angles,
the subsequently deecribed investigation was carried on
at the request and with the financial assistance of the
National Advisory Committee for Aeronautics.

!Che tests. reported in reference 3 indicated an effi-
ciency advantage f-or tandem propellers that varied di-
rectly with blade angle. It was {heTefore presumed that
greater blade angles would show greater advantages. For
the airplane speeds now commonly attained, greater blade
angles than those employed in the previous tests might be
desirable and, for speeds of 400,,to 500 m$les per hour
and for permissible resultant tip speeds, -blade angles as
great as 650 might be required. The range of blade angles
employed in the Fresent investigation was therefore ex-
tended to include 650 tvt0.75R. Three blade units were

chosen for the tandem combination and a six-blade propel-
ler for comparison with it.

.4
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The condition selected for the tandem proFeller tests
was t-hat the powers absorbed by the two propellers should
be equal at maximum. efficiency. Since the angular veloci- -
ties were equal, this condition provided that there would
be balanced torque and a slipstream, on the average, free
from rotation.

AFPARATUS AND TESTS

Wind tunnel.- The e~,eriments were carried on in the
wind tunnel of the Daniel Guggenheim Aeronautic Laboratory
at Stanford University. The tunnel is of the Eiffel type
with epen throat, 7& feet in diameter. The maximum wind
velocity is 90 miles per hour.

D&namomet er.- The model propeller dynamometer has.--——
been described in reference 3. It provides for measure-
ment of torque on the two propellers inde~endently so that
the difference in power absorbed as well as the total may
be determined. Only tne total thrust is measured.

liodel-—— Propellers.- The right- and the left-hand-——.
three-blade propellers for the tandem combination were
three-foot-diameter, metal, adjustable-pitch models of”
standard U. S. NavY plan form and blade sections. The geo-
metrical pitch-diameter ratio, for a blade angle of 16.60
at 0.75R, was 0.7 from 0.6R outward to the tiF. The
pitch-diameter ratio gradually decreased toward t-he hub
from 0.6R to 0.42 at 0.15R. Dimensioned drawings and sec-
tion ordinates of the blades (designated E) are given in
reference 4.

—

In the six-blade propeller, in order to provide suffi-
cient room for the blade-clamping device, the hub was made 1 ‘--
inch greater in diameter than the th:ee-blade hubs. The
blades were thus set out ~ inch, making the propeller

—.

37 inches in diameter. AS a result, there wer”e slight
differences in pitch-diameter, width-diameter, and thick-
ness-width rat+.os as fu~ctions of the ratio of station
radius to tip radius (r/R) for the three-blade and the
six-blade l~odels, as s~own in figure 1. While these dif-
ferences might conceivably have some effect on compara-
tive tests of t-uree-blade and six-blade propellers, it is

,,.—

believed that such an effect wonld be insignificant in
comparison with the effect of difference in solidity. The
appearance of the propellers, when mounted on the dynamom-
eter ready for test, is shown in figures 2 and 3. ., .__._=

1
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Z?ests.- Tests were made of each propeller alone,——
three-blade right-hand, three-blade left-hand, and six-
blade, for blade angles of 150, 25°, 35°, 45°, 55°, and
650 at 0.75R. Tests of the tandem propellers were made
with the forward (right-hand) propeller also set at these
blade angles but with the rear (left-hand} propeller ad-
justed to absorb the same power as t.ne forward propeller
at maximum efficiency ,of-the combination.’ For the 25°
blade angle of the tandem propellers, three axial spat- :
ings were employed, 8* percent, 15 percent, end 30 per-
cent of the diameter, from” center to center of the blade
shanks. Other taadem-propeller tests were made at the
15-percent,-diameter spacing only. ,-- .

Constant angular velocities were. used. for each “blad”e
angle, variation in the parameter V/nD (pitch-diameter” ‘
ratio) being secured thro-~gh change of the wind velocity..
Because ofl limitations imposed by maximum wind speed and
by power and rotational speed available in the” dynamorne-
ter, the rotational speeds employed were 2100, 2100, 1575, ‘
1150, 900, and 650 rpm for the 15°, 250, 350, 450, 550,
and 650 blade angles, respectively. The Reynolds num%er ~
of the tests thus varied from 0.116 to 0.036 full scale,
assuming full-scale propellers 9 feet in diameter turning
at 2000 rpm. The test data were rednced to the coef.f~cieut
form:

Thrust coefficient, CT = ---T—
pla4

Fewer coefficient, CP = ;~D~

Efficiency, ~ = y=Q1.&

CP ‘D

Speed power coefficient, Cs =
J
5Z=

r

1-b &
p~2 nD Cp

where T propeller thrust

P mass density of the air

n revolutions per unit time

D propeller diameter

P power absorbed

.

—

V velocity
I
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RESULTS AND DISCUSSION

The difference in blade angle required to meet the
condition of balanced torque at maximum efficiency of the
tandem propellers is shown in figure 4. It agrees close-
ly, possibly within the error of mea~urement, with that
found in reference 3. The conclusion reached in reference
1, that to absorb equal power the two propellers should
have the same pitch-diameter ratio, appears to have been
not far wrong for the blade angles employed, 120 to 210.

That the difference should vary directly with blade
angle might have been predicted. From momentum theory,
the forward prop611er induces increments to the velocity
of the air stream acting on the rear pro-peller. The axial .
increment, induced by thrust, decreases the angles of at-
tack of the rear “propeller blades. The circumferential
increment, induced by torque, increases the angles of at-
tack. From blade-element theory, thrust varies inversely
and torque directly with blade angle. Therefore, as the
blade angle of the forward propeller is increased, the
angles of attack of the rear propeller tend to become pro- ‘“
gressively greater and its blade angle must be reduced to
realize the condition of. balanced torque. It further seems
quite possible t-hat, at the 150 blade angle, the axial
increment of velocity is great enough to” more than ove~= “
come the effect of the circumferential increment. The
rear propeller blades must thus have a greater angle for
balanced torque~ ae shown.

.:,. .- .-
Variation.’in axial spacing of tanie;i,propellers. is - .

found to have a,,minQr effect on performance. IPigure .5
shows the res~l,ts of $ests for the 250 blade”a-ng~e.

St . ...

may be seen that, ,.fcircon~i~ued balanced ~cyrque~ the bla~~, ..
angle of the rear propeller is increas@ qonewhat as t-he.
spacing becomes greater. .The thrust and power c,oef.ficients
also vary slightly and ,directly with axial spacing? Thins
variatio.n._ts perhaps .ltttle more than woula be expected
from the”<change in.blade angle of the .rear-~ro~glls.r. Sire- “-”-
ilar results were derived from the tests of reference 3.

-.

..\

● The apparent effect of spacing on efficiency is ex-
tremely ,small, but..that indicated by the present tests is
opposite to that s-hewn.-inreference 3. .In either case, ,

% however, the change in maximum efficiencj~ presumably-
brought about by variation in spading, is less than ‘1 pe&
cent. Since the effects ar6 small and inconsistent,

.. . . .—
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they may be attributed to experimental error. As evi-
denced by consecutive tests of a single propeller, the
probable error in maxiuum efficiency is about 0.005.

The test data for. right-hand three-blade, six-blade,
and tandem propellers are given in tables 1, II, and 111.
l’or the tandem propellers, CF a,re coefficients

and c~ and ‘CTcomputed for the total power absorbe a coeffi-
cient for total thrust. The values in the COIUIZ= -headed ‘
C (RH=LH) are the difference in power coefficients of
t~e forward (right-hand) and rear (left-hand) propellers.

In figures 6, 7, and 8, ,C , C , and~
sented as functions of V/nD. ~n t~ese figur~;~ ;~~~;;th- ‘
mic scales are employed, which permits shawing small and
large numerical values of the data with equal reletive
accuracy and, at the came time, keeps the diagrams within
moderate size. These figures were prepared by plotting
the tabular to arithmetical scales, drawing representa-
tive curves, and taking off values of CT, Cp$ and ~

at convenient points. If plotted, points will be found
to lie, with few exceptions, upon or very close to the
curves shown. Design charts for the selection of three-
blade, six-blade and tandem propellers are shown in fig-
ures 9, 10, and 11.

Graphical and tubular data for the three-blade left-
hand propellers are, in the interest of brevity, omitted
from this report. It was found that the results of tests
of right-hand and left-hand propellers were, within the
limits imposed by.probable errors in blade angles and in
experimental observations; substantially the same. The
probable error in blade angle is ~0.lo. Because of pos-
sible inclination of the mandrel on which the propellers
were placed for blade-angle adjustment and measurement,
the error may have been of one sign for the right-hand
propellers and of the opposite sign for the left-hand pro-
pellere. , A difference in blade angle of 0.2° is suffi-
cient to account for “the greater part of the disagreement
in results of tests,

Figure 12 shows the effect of each propeller of the
tandem combination upon the power.absorbed by the other
at maximum efficiency (q )* For the forward propeller,ma x
the effect shown was derived by direct comparison of the
c
3

for that propeller when alone with the Cp when in
t e tandem combination. In the second case, CP

is gen-

1

?

r

●

r
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erally one half the Cp for the taridem propellers as a
whole since, at maximum efficiency, the torque was bal-
anced as nearly as practicable. For the rear propeller,
it.was necessary to interpolate power coefficients for
the propeller alone because generally that propeller was
tested alone”only at the same blade angles as the forward
propeller. A check teet for the rear propeller at 53.1°
was made. The coefficients agreed closely with those de-
rived by interpolation.

Yigure 12 shows that the rear propeller has a negli-
gible effect on the power absorbed by the forward propel-
ler for blade angles greater than 250. At lower bla&e
angles, the power absorbed by the forward propeller is
decreased by the action o: the rear propeller. Tor the
rear propeller, the power absorbed is greatly increased
by the forward propeller at the largest blade angle apd
reduced by about the same amount at the smallest blade
anglek This figure is effectively in agreement with figure
4. It also bears out the conclusion of reference 1 that,
for blade angles of 210 and less, the power absorbed by
either propeller is reduced by the presence of the other.

A summary of performance characterics at maximum
efficiency for three-blade, six-blade, and tandem propel-
lers is shown in figure 13. It is evident from this fig-
ure that, for blade angles above 25°, the power absorbed
by the tandem propeller$ is about twice that absorbed by
a single three-blade propeller of the saue size. For
blade angles less than 250, there is a marked reduction
of the ratio. The tandem propellers absorb an average of
8 percent more power than six-blade propellers of equal
size.

For all blade angles, the tandem propellers have -
greater maximum efficiency than six-blade propellers.
The difference varies directly with blade angle and be-
comes about 15 percent at 650. For blade angles above 250,
the maximum efficiency of tandem propellers is greater
than that of single three-blade propellers. The differ-
ence again varies directly with blade angle and is about
9 percent at 650. For blade angles less than 25°, the tan-
dem Propellers s“fiowless maximum efficiency than three-
blade propellers.

The relation of the maximum efficiency curves for
three-blade and tandem-propellers may be predicted.. The
difference in maximum efficiency at the 150 blade angle
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is less than the difference in ideal efficiency of momen-
tum” theory. The rotational energy ‘In the slipstream of
the three-blade propeller set 150 is small end therefore
little is to ,be gained through even complete conservation,
as shown by Manchester in reference 2. On the other hand,
the difference in ideal efficiency for the650 blade an-
gle is one-fourth that for the i50b lade angle. The rota-
tional energy of the slipstream of the three-blade propel-
ler set 65° is manyfold greater. Even partial conserva-
tion may therefore result in considerably improved
efficiency.

Calculations for efficiency, based on combined blade
element and momentum theories, yielded results qualita-
tively in agreement with tests, but the differences found
were less than those shown in figure 13. A source of rela-
tive efficiency for the rear propeller that was greater
than claculated may be Katzmayr effect. The rear propel-
ler blades move in a wind stream of variable velocity and
direction induced by the forward propeller. lt has been
shown that, in an oscillating wind stream, the drag of an
airfoil, referred to the mean”directian of–flow, bbcomes
smaller and may even be negative (reference 5) . This ef-
fect would increase the computed relative efficiency of
the rear propeller and thus that.of the tandem combination.

l?igures ’10 and 13 show, as would be expected from
figure 13, greater efficiency for tandem propellers than
for the six-blade propeller at all values of Cs. Figures
9 and 11’ indicate greater efficien-cy for tandem propellers
than for threeriblade propellers at values of C great er
than about 1.3. For equal power, revolution .s~eed, and
VelOCity (equal. Q * the diameter and hence the tip speed
will be greater for three-blade propellers than for tandem
propellers. Tip speed may affect efficiency. It there-
fore seems that a nore logical basis for comparison of effi-
ciency than at equal values of. Ce is at equal velocities
of advance and’ tip speeds, or at equal values of V/nD.
The V/nD for’ equal maximum efficiency ofthree-blade and
tandem propellers-is about 0.85. Yor greater values of
V/nD, tandem propellers have the greater maximum effi-
.

For a resultant tip. speed of 1000 feet per sec-
;;;?C;;8 velocity of advance at V~nD = 0.85,is tibout 180
miles per hour. .Tor lower tip speeds, the velocity of
advance is proportionally reducad:~. It.mdy he thus ’seen
that tandem pro.fiellers will have, at permissible tip speeds,
greater efficiency than three-b-lade propeller~ at veloci-
ties of advance ‘in excess of 180 miles per hour.

.

I
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Tandem propellers appear to give no promise of im-
proved airplane performance at velocities below 180 miles
per hour unless the tip speeds are less than 1000 feet
per second. They shou”ld have, however, particularly in
the estimation of the airplane pilot, two incidental- a&-
vantages that may compensate for a small 10SS of effi-
ciency at low speed. These are: (1) improvement in longi-
tudinal coiltrol through elimination of rotation from the
air stream which acts upoti the tail surfaces; and (2) im-
provement in lateral control through removal of rolling
moment due to unbalanced torque.

Tandem propellers may possibly result in a decrease
of weight-power ratio from that attainable with singl-e
propellers. It may be assumed that the tandem propellers
would have twice the we”ignt of three-blade propellers of
the same size and that the weight of similar propellers
varies as the cube of their linear dimensions. If these
assumptions are tenable, the weights of tandem and three-
blade propellers for equal power and at equal “tip speeds
will be in the ratio of 1 to ~=

Aside from design of pitch-control mechanism, tan-
dem propellers appear to present but two possible diffi-
cult Troblems: elimination of noise and of danger from
structural failure.

The rear propeller bl”a’desespecially, as they -pass
. through an air stream of variable velocity and direction,

produce noise. The frequency of the sound waves is, for
equal” rotational’ speeds of three-blade tandem propellers,
6 n:” T%e intensity and the volume of the soun”d depends
upon the violence of velocity and directional changes en-
countered by the”’%lades and upon th~ am~litude of the vi-
brations induced in them. ‘“ -’” -J.--. .

In the pre”sent model tests, the nois’e”of the tandem
propellers was most noticeable at the+.h’igher rotational
speeds used for the smaller blade” aigles. If the volume
of sound should. increase continuously with scale, the
noise of tandem propellers may constitute an objectional
feature in flight.

.

It is obvious that, because’of variation in load,
forced vibrations of the same frequency as that of the
sound waves will be impressed upon the propeller blades.
If this frequency is edual or cl-o”seto”that for some mode
of elastic vibration of”the;blade” itsel”f, there will be
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increased amplitude of vibration w$th resultant stresses
possibly greater,than allowable.

Although there was no evident bltide flutter during
the model-propeller tests, it is believed this Froblem
may be serious in full-scale operation. The frequency
for the first mode of vibration for the model blades was
found, by experiment, to’be about’ 90 cycles per second.
The frequency, for the second mode was estimated to be
“about 560 cycles per second.

-—
For geometrically and elas-

tically similar blades, the frequency of vibration varies
inversely as the linear ‘dimensions,

—
and thus the frequency

for the second mode of vibration of R 9-foot propeller
would be 186 cycles per second. At 1860 rpm, however, the
frequency of forced vibration of three-blade tandem pro-
pellers will also he 1S6 cycles per second.

The frequency of elastic vibrations will be increased,
in rotation, by the stiffening effect of centrifugal force.
It appears that, for full-scale propellers of similar form
and material to the models, the frequency for the second
mode of elastic vibration may be dangerously near that of
the forced vibrations. In any event, it seems. that the pos-
sible effect of synchronous forced and elastic vibrations in
proposed installations of tandem propellers should be inves-
tigated. I

CONCLUS1OITS

!l?hesetests have shown that, for blade angles of 150
to 650 at 75 percent of the tip radius (0.75R), identical,
counterrotating, three-blade, closely spaced tandem pro-
pellers, adjusted to absorb equal power at maximum effi-
ciency, have from 2 percent to 15 percent greater efficien-
Cy than that of six-blade propellers of similar blade form.

Tandem propellers have lower maximum efficiency than
single three-blade propellers for blade angles at 0.75R
less than 250. For larger blade angles, the tandem pro-
pellers have an ’incre~sing,advantage which becomes about
9 percent at 650.,

,
Tandem propellers absorb, respectively, about 8 and

100 percent more, power than six-blade and tnree-bla,de pro-
pellers of equal ~ize. .

,

Daniel kggenh,eim Aeronautical Laboratory,
Sta”nford University, September 20, 1939.
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